Perturbation is generally considered as the flow noise, and its energy can gain transient growth in the separation bubble. The amplified perturbations may cause unstable Kelvin-Helmohltz vortices which induce the three-dimensional transition. Active control of noise amplification via dielectric barrier discharge plasma actuator in the flow over a square leading-edge flat plate is numerically studied. The actuator is installed near the plate leading-edge where the separation bubble is formed. The maximum energy amplification of perturbations is positively correlated with the separation bubble scale which decreases with the increasing control parameters. As the magnitude of noise amplification is reduced, the laminar-turbulent transition is successfully suppressed.
Introduction
A separation bubble is usually formed due to the geometric mutation of the bluff body, and it makes the inhomogeneous flow act as a noise amplifier [1] . Perturbations gain massive energy amplifications when flowing through the separation bubble, thereby some unsteady flow structures as well as the laminar-turbulent transition occur. In aeronautical engineering, the separation bubble is often formed on the aerofoil. The initial disturbances could evolve into the Kelvin-Helmholtz (KH) modes owing to the energy amplification, and thus leading to the coherent and convected vortical structures scattering at the trailing edge [2] . These structures have been identified to be responsible for the tonal noise emission [3, 4] . Moreover, the unstable wake induced by the separation bubble is dangerous for the following airplane which is subjected to violent rolling moments [5] . For the underwater vehicles, separation bubbles exist at the leading and trailing edges of the propeller blades, and these separation regions are responsible for the high side force [6] . Besides, unsteadies in the separation bubble could induce the thrust oscillations and vibrations of the vehicle. Flow in a straight tube with a smooth axisymmetric contraction (stenosis) is usually considered as the idealized model of human arterial flows in the presence of atherosclerotic plaque. This flow contains a separation bubble behind the stenosis [7] . The peak linear disturbance energy growth could approach to several orders of magnitude both for the steady and pulsatile flows [8] . This energy amplification is very harmful to human health.
Flow over a square leading-edge flat plate is the classical separation/reattachment flow which contains the separation bubbles near the leading-edge of the plate (see figure 1) . Laminar-turbulent transition generally occurs at Re>320 ( n = ¥ Re U h , where ¥ U is the free-stream velocity, h is the plate thickness and ν is the kinematic viscosity coefficient), and there exist two three-dimensional (3D) flow structures: Pattern A and Pattern B corresponding to fundamental and subharmonic transition respectively. The difference between the two structures is the vortical arrangement. Pattern A consisting of the lambda-shaped vortices in phase from one row to the next occurs over the Reynolds number range 320<Re<380, while the hairpin-shaped vortices offsetting by 180°from one row to the next (Pattern B) exist at Re>380 [9] . Noise amplification due to the separation bubble is the primary cause of transition [10] . The amplification magnitude is greater than 10 4 at Re = 350, and increases by 2.5 orders of magnitude for each 100 unit increase in the Reynolds number.
For such inhomogeneous flows, researchers always adopt active controls to reduce the adverse effects caused by the noise amplification. Two control strategies are generally considered according to the control objects: one is the control inputs acting on the perturbations [11] , another is base flow modification [12] . Control inputs usually come from the control actuators such as dielectric barrier discharge (DBD) actuator [13, 14] , synthetic jet [15] and electromagnetic actuator [16, 17] , and more actuators are reviewed in [18] .
In this paper, a DBD actuator is utilized to control the noise amplification in the separation/reattachment flow [10] of a Reynolds number Re = 400. The DBD actuator model is established referring to former researches of Suzen et al [19, 20] . The control inputs mainly act on the base flow and the control effects are predicted by stability analysis based on a high accuracy spectral-element method (SEM) [21] . Finally, 3D direct numerical simulation (also using SEM) is conducted to explore the nonlinear evolution of perturbations, and verify the results predicted by linear stability analysis.
Control model
The sketch of the control model is shown in figure 1 in which h and L represent the plate thickness and the control region length respectively. When the actuator generates the plasma, the plasma has a motion due to the electrodynamic force, thereby the backflow in separation bubble can be hindered by the induced flow. Pouryoussefi et al [22] conducted experimental studies of the separation bubble control in the backward-facing step flow utilizing DBD. They found installing the DBD actuator in the upstream of the separation point could achieve the best control effects while installing the actuator inside the separation bubble had a relatively low effect on the separation zone length. We can observe the flow occurs separation near the leading-edge corner, so we install the actuator near the leading-edge of the plate. The electrodynamic force is written as [19] :
where ρ e is the charge density,  E is the electric field intensity and f is the potential. The potential f and the charge density ρ e satisfy the Poisson equation and Helmholtz equation respectively [19] :
where ε r is the relative permittivity. For air, ε r =1.0 and Kapton with ε r =2.7 is considered as the dielectric material. ε r =1.85 is set on the wall-air interaction to conserve the electric field. λ d is the Debye length. When conducting numerical calculations with SEM, the spatial domain is split into some quadrilateral finite elements, in which both the geometry and solution variables employ equal-order tensor-product Lagrange polynomial expansions. Gauss-Lobatto Legendre polynomials are adopted as a basis for the numerical solution. Timestepping method based on the backwards-time differencing [23] is taken to perform the time integration. In the simulation of DBD, the model scale and the boundary conditions are same with those described in [19] . Variables of the potential, length and charge density are nondimensionalized with the maximum voltage, the pole width and the maximum charge density. Although f and ρ e varies periodically, we can find the spatial distribution of each variable is invariant over time according to equations (2) and (3). So, we just need to calculate the distributions of potential and charge density at some point. As we know, the streamwise electrodynamic force makes the main contributions to suppress the backflow and we can adjust the arrangements of the electrodes to reduce the effects from the wall-normal electrodynamic force. In addition, AC frequency is usually about 10 kHz and the associated time scale is much less than that of the time-step in flow simulation, hence we can approximate the electrodynamic force as the steady streamwise body force in the flow simulation. The streamwise electrodynamic force is shown in figure 2(a) . We can find the streamwise electrodynamic force mainly concentrates above the negative electrode, and the region is rather small, thereby it needs multi-group actuators to achieve the satisfied control effects.
As the spatial scale of the streamwise electrodynamic force is rather small, the spatial average approximation of the force is an available choice to facilitate the flow simulation. Figure 2 (b) presents the profiles of the mean force in different integral domains of the force from an actuator. In figure 2(a) , we can observe the streamwise force is quasi-symmetry and the symmetry axis locates at x/a = 0.025. The solid line named 'center' in figure 2(b) describes the force on the symmetry axis. f _ x max represents the maximum streamwise force on the symmetry axis. It is obvious that the streamwise electrodynamic force decays exponentially in the wall-normal direction. The exponential attenuation coefficient of the dotted line is about 20.86, and it decreases with the increasing integral domain. Considering the arrangements of the multi-group actuators, we set the streamwise electrodynamic force as the next form:
where N is the interaction number representing the strength of streamwise electrodynamic force relative to inertial force of the
2 , where ρ a is the density of the air and ¥ U is the free streamwise velocity). d is the distance normal to the actuator surface. Variables of length, velocity and time are nondimensionalized with the plate thickness h, the free streamwise velocity ¥ U and their ratio ¥ h U respectively. The simulation domain is similar with that in [10] , but the inflow length and the plate length are 16 and 80 respectively.
Noise amplification
The linear evolution of perturbations can be predicted by solving the linear perturbation equation:
where f b equals to ( f x , 0). Optimal growth analysis is proposed to describe the optimal energy amplification obtainable at time τ over all possible initial disturbances ¢( ) u 0 . The optimal growth is defined as:
is the energy of the perturbation field. Traditional modal (eigenvalue) analysis is not available for the optimization problem in the noise amplification flow, because the operator
the linear perturbation equation is non-normal, i.e.
A A * *  ¹ where A* is the adjoint operator of A.
Even if the instability waves (eigenvectors) decay with the evolution time, a superposition of these waves can cause massive energy amplification owing to their nonorthogonality [24] . This optimization problem is successfully solved by the Lagrangian multiplier method combined with the adjoint equation [25, 26] . Also, this linear technique is applied to the magnetized plasma to understand the non-normal turbulence [27] . In addition, setting specific boundary conditions can transform the optimization problem into the eigenproblem [28] , in which case the optimal growth G(τ) is the eigenvalue of A A * and the corresponding eigenvector is the optimal initial disturbance. Krylov subspace method and the Arnoldi decomposition method are employed to solve the eigenvalue in the optimal growth analysis. Figure 3(a) shows the separation bubbles of the steady base flows at different control parameters. The uncontrolled bubble length is around 14 but it decreases to 10 at N=0.1, L=5. At larger control parameters, the bubble scale is smaller. If we consider the integral over the domain area of the electrodynamic force as the control input energy, its value is same in the cases of N=0.1, L=10 and N=0.2, L=5, but the bubble scale is smaller in the latter case. In fact, when the control region length exceeds the final separation bubble length, increasing the control region length has low effects on the separation bubble scale. This means the bubble scale is more sensitive to the magnitude of the electrodynamic force. Figure 3(b) shows the optimal growth of perturbation energy at different control parameters. The values presented only with the symbol are the results from [10] . We can observe these values are identical to our results. This validates the effectiveness of present numerical algorithm. For the uncontrolled flow, we can find the maximum energy amplification in the optimal linear evolution approaches to 10 5.5 which is a considerable amplification for any slight noise. The perturbation with maximum amplification energy always locates near the reattachment point [10] . Once the electrodynamic force acts on the separation bubble, the bubble scale is reduced and then the evolution time corresponding to the peak value is also shortened. This indicates the maximum energy amplification is positively correlated with the separation bubble scale. So, the magnitude of the maximum energy amplification decreases with the increasing control parameters, and it is reduced with 2 orders at N=0.2, L=5. We can find the energy amplification takes a decay after peak values because perturbations are distorted by the mean flow. At N=0.2, L=5, the decay rate is larger than others. Figure 4 (a) presents the perturbation energy as a function of the evolution time in the nonlinear evolution of the optimal initial disturbances (inset figures). The optimal initial perturbation modes are the eigenvectors corresponding to the peak values in figure 3(b) . The control parameter is N=0.1, L=5. The inset figures show the flow structures with the maximum perturbation energy. All contours are colored with the spanwise vorticity. The ratios of the initial perturbation energy to the 2D base flow energy are both 1×10 −5 for the uncontrolled and controlled flows. We can observe the optimal initial perturbation always concentrates near the corner of the leading-edge. Compared with figure 3(b) , the magnitude of the energy amplification in nonlinear evolution is smaller than that in linear evolution. This is ascribed to nonlinear saturation. Perturbations with a high energy can efficiently trigger the topological flow changes which lead to the rupture of the separation bubble [29] , thereby KH vortices generates. The KH vortex strength is reduced in the controlled flow because of fewer energy amplifications of perturbations. In the uncontrolled flow, the KH vortices induce the 3D transition [30] , thus reducing the KH vortex strength via decreasing the noise amplification is beneficial to suppress the transition. Figure 4(b) shows the vortical structures which are visualized with λ 2 criterion [31] in the uncontrolled and controlled flows. A sinusoidal perturbation signal (the frequency and amplitude are 0.1 and 0.001 respectively) is set at the inlet boundary. The control parameters are still N=0.1, L=5. We can observe the hairpin vortices offsets by 180°f rom one row to the next list on the plate surface in the uncontrolled flow, while the flow keeps 2D characteristics in the controlled flow. 3D transition is successfully suppressed.
Transition and suppression

Conclusion
In summary, the electrodynamic force generated from the DBD actuator can reduce the noise amplification by reducing the separation bubble scale. The maximum perturbation energy amplification is positively correlated with the bubble scale. When the control region length exceeds the final separation bubble length, increasing the control region length has low effects on the separation bubble scale. In other words, comparing with increasing the control region length, increasing the magnitude of the electrodynamic force has better effects on reducing the maximum perturbation energy amplification. As perturbations with an energy amplification evolve into KH vortices which induce the 3D transition, reducing the perturbation energy amplification can weaken the KH vortex strength thus suppressing the transition.
